The proteomes of outer membrane vesicles (OMVs) secreted by C. jejuni 81-176 strain, which was exposed to oxygen or antibiotic stress (polymyxin B), were characterized. We also assessed the OMVs production and their content in two mutated strains -∆dsbI and ∆htrA. OMVs production was significantly increased under the polymyxin B stress and remained unaltered in all other variants. Interestingly, the qualitative load of OMVs was constant regardless of the stress conditions or genetic background. However, certain proteins exhibited notable quantitative changes, ranging from 4-fold decrease to 10-fold increase. Up-or downregulated proteins (e.g. major outer membrane protein porA, iron ABC transporter, serine protease-htrA, 60 kDa chaperonin-groL, enolase) represented various cell compartments (cytoplasm, periplasm, and membrane) and exhibited various functions; nevertheless, one common group was noted that consisted of components of flagellar apparatus, i.e., FlaA/B, FlgC/E, which were mostly upregulated. Some of these proteins are the putative substrates of DsbI protein. 
Introduction
The outer membrane (OM) of Gram-negative bacteria can naturally bulge out, entraps periplasmic content and pinches off to form spheres of 50-250 nm in diameter called outer membrane vesicles (OMVs). OMVs contain mostly outer membrane-associated and periplasmic proteins, but also cytoplasm-located molecules, quorum-signaling molecules, DNA and RNA and, thus, provide bacteria with means to interact adaptively with their environment, host and other microorganisms (Schwechheimer and Kuehn 2015) . Alterations in size, number, and content of OMVs are frequently regarded as bacterial responses to changes in the environment (such as pH, temperature, ionic strength, and anti biotic pressure), including endogenous stress (Mcbroom et al. 2007, Schwechheimer and . This notion is supported by a number of observations. A treatment with polymyxin B (a cyclic cationic antimicrobial peptide that alters the membrane permeability) or with ciprofloxacin (an antibiotic that damages DNA and activates the SOS system) increased OMVs formation by Pseudomonas aeruginosa PA14 strain . The hyper-vesiculating yieM mutant (ΔyieM) of Escherichia coli grew faster in the presence of polymyxin B than the nonmutated strain . P. aeruginosa cells could respond with increased OMVs production to hydrogen peroxide treatment and temperature change . Overexpression of a periplasmic fusion protein to imitate misfolded OM protein in E. coli resulted in hypervesiculation and tenfold increase of its concentration in OMVs; moreover, increased OMV production accompanied mutations in the σ E heat shock response in E. coli (Mcbroom et al. 2007) . Furthermore, the genes participating in cellular
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RENATA GODLEWSKA 1 2 256 stress response (degS, depP, rseA) are engaged in the vesicle formation (Mcbroom et al. 2006) . Mutations of degP, encoding periplasmic serine protease-chaperone responsible for the degradation of misfolded proteins in E. coli, as well as mutations of mucD, its homolog in P. aeruginosa, increase OMVs production (MacDonald and Kuehn 2013). Thus, bacteria may use OMVs to selectively dispose of misfolded proteins, particularly large aggregates, which are resistant to proteolytic cleavage and are too big to be discarded through OM pores (Mcbroom et al. 2007 ). OMVs may, therefore, help bacteria to survive under harsh conditions and establish a lasting resistance.
In this study, we investigated whether the production of C. jejuni OMVs and their protein composition correlates to environmental stress conditions. We also examined the influence of mutations in the htrA and dsbI genes on the level of OMVs production. The C. jejuni htrA gene is the E. coli degP gene homolog, while the dsbI gene is a disulfide oxidoreductase -a component of the Dsb system in C. jejuni, involved in the introduction of disulfide bonds into periplasmic proteins for securing their proper fold and function.
Experimental

Materials and Methods
Bacterial strains, media, and culture conditions. Bacterial strains and plasmids used are listed in Table I . C. jejuni strains were grown on Blood Agar No. 2 (BA, Oxoid) plates supplemented with 5% horse blood, Campylobacter Selective Supplement (Blaser-Wang) (Oxoid), and tetracycline (10 μg/ml) at 37°C or 42°C for 16-24 h under microaerobic conditions in a Mart anaerobic jar (flushed with 6% O 2 , 10% CO 2 , 85% N 2 gas mixture using an Anoxomat Mart II system).
If necessary, plates were also supplemented with chloramphenicol (20 μg/ml) and/or kanamycin (25 μg/ml). Campylobacter strains used for isolation of OMVs were grown in Mueller-Hinton broth for ~16 hours with shaking under microaerobic conditions at 37°C.
Stress was induced by either addition of polymyxin B to a final concentration of 5.5 µg/ml (~15 × higher than in Campylobacter Selective Supplement, minding an intrinsic resistance of C. jejuni to this compound (Iovine 2013)) or by incubation in the atmosphere of 15% O 2 and 6% CO 2 . Higher oxygen atmosphere was generated by CO 2 Gen sachets (Thermo Scientific Oxoid Microbiology Products) in the 2.5-litre gas jar. Cultures in optimal and stress conditions were conducted parallel. Overnight culture of C. jejuni was diluted 1:100. The same number of bacterial cells was used as inoculum for fresh media and grown in optimal and stress conditions in 37°C with shaking. After ~16 h optical density of each culture was measured, and bacteria were plated on BA medium to assess the number of bacteria cells (CFU/ml). The bacterial concentration ranged between 8 × 10 6 -1 × 10 7 CFU/ml in the presence of polymyxin B while in 15% O 2 atmosphere was between 1.5 × 10 7 -5.5 × 10 7 CFU/ml. In optimal growth conditions, the concentration of bacteria was in the range from 1 × 10 8 to 5 × 10 8 CFU/ml. Construction of C. jejuni mutants. The C. jejuni htrA mutant was obtained following the approach of Brøndsted et al. (2005) . Mutagenesis was performed with a gene replacement method. A suicide mutagenesis plasmid was constructed in 2-step PCR. First, the upstream and downstream fragments of 5' and 3' end of the htrA gene were amplified with use of C. jejuni 81-176 chromosomal DNA as a template. For the fragment containing 3' end of the htrA gene (421 bp), primers UW564 (5'-CGAGCTCAAAT-GCAGTGCTTTCTTATC-3') and UW565 (5'-CTC-GAGCTGCAGTCTAGACAACATCTCCT TC-CATTAAATC-3') were used, while primers UW566 (5'-CCGGTACCCAAATCGCTTTGTACGCCTT-TAG-3') and UW567 5'-TCTAGACTGCAGCTCGAG-TTTCTCGTGGTGGTGGAAATAAC-3') were used for amplification of the fragment containing 5' end of the gene (428 bp). In the sequences of the primers above, the restriction enzyme sites are underlined, and bases complementary to the htrA gene are indicated in bold.
In the second round of PCR, the amplified htrA fragments were joined, creating PCR fragments containing a deletion of 186 bp in htrA and introducing a XhoI-PstI-XbaI restriction sites instead. The final PCR product was cloned into the C. jejuni nonreplicable pBluescript II SK cloning vector with the use of SacI-KpnI enzymes, resulting in plasmid pUWM1321. Finally, the cat gene encoding for chloramphenicol C. jejuni 81-176 was electroporated with pUWM1329, and several chloramphenicol-resistant colonies were isolated. The disruption of the htrA gene as a result of double cross-over recombination and lack of wild-type htrA allele in the genome of the strain obtained was verified by PCR.
C. jejuni dsbI mutant was obtained in our lab and described earlier (Raczko et al. 2005) .
OMV purification and quantification. OMVs were isolated from C. jejuni strain 81-176 by the method we used before ) and described by Elmi et al. (2012) and Chutkan et al. (2013) . Briefly, C. jejuni 81-176 strain was grown in the MuellerHinton broth under microaerobic conditions at 37°C. An overnight culture was diluted 1:100 into 330 ml of fresh growth media and grown 16-18 h to a mid-log phase. The cells were pelleted twice using centrifugation at 6000 × g for 2 × 20 min at 4°C. Supernatants were filtered through a 0.22 µm filter device to remove the remaining cells. The filtrate was ultracentrifuged in a Beckman L7-55 Ultracentrifuge at 150 000 × g for 3 h at 4°C using a 50.2 Ti rotor. OMVs preparations were plated on BA plates and incubated under microaerobic conditions to confirm the absence of viable bacteria.
OMVs production was quantified by determining protein concentration (BCA assay) and normalized to CFU at the time of harvest. This method allows indirect estimate the concentration of OMV based on total protein content but does not provide additional information about the size or quantity of OMV. Relative OMVs production levels were determined by comparison to the wild-type cell results in the control samples. Means of three independent experiments with standard deviations (error bars) were calculated.
Sample preparation for MS analysis. Membrane proteins were extracted by suspending OMVs in 1.5% sodium deoxycholate and 0.1% SDS in 25 mM ammonium bicarbonate, followed by sonication for 10 minutes (50% cycle). Protein concentration was estimated with Direct Detect (Milipore) and equalized to 40 µg per sample. Proteins were subsequently reduced with tris(2-carboxyethyl)phosphine for 30 min at 60°C, alkylated with methyl methanethiosulfonate and digested with 0.5 µg of trypsin at 37°C overnight. The reaction was quenched with trifluoroacetic acid (TFA).
LC-MS-MS/MS analysis.
The resulting peptide mixtures were analyzed by LC-MS-MS/MS (liquid chromatography coupled to tandem mass spectrometry) using a Nano-Acquity (Waters) LC system and an Orbitrap Velos mass spectrometer (Thermo Electron Corp). Peptides were applied to RP-18 precolumn (nanoACQUITY Symmetry® C18) using water containing 0.1% TFA as a mobile phase and then transferred to nano-HPLC RP-18 column (nanoACQUITY BEH C18) using an acetonitrile gradient 5-35% in 180 minutes in the presence of 0.05% formic acid with the flow rate of 250 ml/min. Column outlet was directly coupled to the ion source of the spectrometer working in the regime of data dependent MS to MS/MS switch. To ensure reproducibility, sample preparations and MS analysis were repeated four times.
Database searching. The data acquired were processed by a Mascot Distiller followed by Mascot Search (Matrix Science, on-site license) against the UniProt database restricted to Campylobacter jejuni 81-176 and NCTC11168 sequences. The search parameters for precursor and product ions mass tolerance were 20 ppm and 0.1 Da, respectively, enzyme specificity: trypsin, missed cleavage sites allowed: 1, fixed modification of cysteine methylation and variable modification of methionine oxidation. To estimate the false-positive discovery rate (FDR), the decoy search option was enabled. The label-free quantitation was performed as described previously (Bakun et al. 2009 ) using in-house MScan software to select the proteins with an FDR < 1% and identified by at least two peptides.
LC-MS data were converted by an in-house MsConvert tool into 2D heat maps recognized by MSparky -an in-house modification of the Sparky NMR (http:// www.cgl.ucsf.edu/home/ sparky) -and the qualitative information from MScan was correlated with quantitative data from MSparky on the basis of m/z, retention time and isotopic profile fitting, generating a list of identified peptides with signal intensity values, subsequently subjected to statistical analysis using in-house Diffprot software (Malinowska et al. 2012) . All software used is accessible at http://proteom.ibb.waw.pl.
Results and Discussion
Alterations in OMVs production. In our experiments, the presence of polymyxin B significantly increased OMVs production by C. jejuni 81-176 strain, based on total OMVs' protein content corrected for CFU measurement (Fig. 1) . We did not assess the size and shape of OMVs. Polymyxin B is a cyclic cationic antimicrobial peptide (AMPs), which penetrates into the bacterial cell, integrates into the outer leaflet of the outer membrane and impairs the structure of OM forming pores, altering the membrane permeability. Our results are consistent with the previous observations.
Many studies have revealed that the levels of OMVs production depend largely on the growth conditions of bacteria (oxygen stress, antibiotic pressure, and envelope stress) (Mcbroom et al. 2007; Kulp et al. 2015 ). Godlewska R. et al. 
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It was observed that stress (physical and chemical) increases the number of secreted OMVs. The E. coli hyper-vesiculating yieM mutant (ΔyieM) grown on the medium containing polymyxin B exhibited survival rate higher than the wild type strain, Kuehn 2011, Manning and . MacDonald and Kuehn also concluded that polymyxin B treatments increased OMVs formation by P. aeruginosa PA14 strain (MacDonald and Kuehn 2013).
OMVs release was also increased under oxygen stress (15% O 2 instead of a physiological level of 6% O 2 ), albeit nonsignificantly. Our results are consistent with the data obtained for other bacterial species. P. aeruginosa cells, treated with ciprofloxacin (an antibiotic that leads to DNA damage and, as a consequence, to activation of the of SOS system), responded with increased production of OMVs. Moreover, found that OMVs production significantly increased after hydrogen peroxide treatment. Also, physiological stress increased OMVs production. The same authors have also shown that temperature change and oxidative stress-stimulated OMVs production by P. aeruginosa (MacDonald and Kuehn 2013).
We further explored the relationship between OMVs production level and mutations in the htrA and dsbI genes of C. jejuni. Surprisingly, we haven't noticed any significant changes (Fig. 1) .
Qualitative content of OMV proteome. We have made the identification and quantitative analysis of the protein contents of C. jejuni OMVs using the LC-MS-MS/MS analysis. OMVs were isolated from the wild-type strain 81-176 grown in optimal and under the stress conditions (increased oxygen content, presence of polymyxin B). We also analyzed the OMVs from C. jejuni strains with mutations in the htrA and dsbI genes. To ensure reproducibility, each analysis was repeated four times.
Irrespectively of the factors used (polymyxin B, oxygen content, ΔhtrA and ΔdsbI mutations), the qualitative protein composition of the OMVs in our study matched the previously presented for the unstressed wt strain (Elmi et al. 2012) . However, we discovered numerous quantitative differences described and discussed below.
Polymyxin B influence on the quantitative composition of OMVs. C. jejuni exhibits intrinsic resistance to polymyxin B, presumably due to the absence of the appropriate targets and/or low-affinity binding to targets (Iovine 2013). We used a relatively high concentration of antibiotic to induce the stress (~15 times higher concentration than in Campylobacter Selective Supplement). We noticed that four proteins exhibited increased level within OMVs and one showed a decrease (Table II) . The highest, nine-fold increase was noted for the major outer membrane protein (MOMP) encoded by the porA gene. Overexpression of MOMP alters membrane permeability and plays a role in Campylobacter resistance against antibiotics, probably also against polymyxin B. MOMP elevation in OMVs was observed also under aerobic stress, consistent with the study demonstrating upregulation of MOMP expression in Campylobacter subjected to low and high oxygen level (1.88% and > 15%, respectively) (Guccione et al. 2017).
Another highly upregulated protein (over 6-fold) was a putative pyridoxamine 5'-phosphate oxidase (Cj1613c), predicted to catalyze the terminal step in de novo vitamin B 6 synthesis: oxidation of pyridoxamine-5-P (PMP) and pyridoxine-5-P (PNP) to pyridoxal-5-P (https://www.ebi.ac.uk/interpro/entry/IPR024029, InterPro, Protein sequence analysis & classification). PMP is a coenzyme required for the biosynthesis of deoxysugars, which attach to lipopolysaccharides (LPS), the major integral components of the outer membrane of Gram-negative bacteria (Romo and Liu 2011). Thus, the overexpression of Cj1613c may be linked to the destabilization of the bacterial envelope. Also, vitamin B6 itself was implicated in oxidative stress responses (Bilski et al. 2000) .
Additionally, two flagellar proteins (FlaB and FlgE) were overrepresented. The destabilization of bacterial envelope may affect the integrity of flagella and result in an elevation of flagellar proteins in OMV. Of note, synthesis of flagella proteins and the ability to form flagella affects the production of OMVs by E. coli W3110 (Manabe et al. 2013) .
The underrepresented protein was identified as HtrA, which is surprising and resonates with the observed lack of effect of htrA mutation on the OMVs production and composition (see 'Genetic factors... ' for a joint discussion). Fig. 1 . Comparison of the OMVs production.
The concentration of OMVs, isolated from C. jejuni 81-176 grown under optimal and stress conditions (15% O 2 and polymyxin B) and from C. jejuni 81-176 dsbI and htrA mutants, was measured by BCA assay. The concentration of OMVs produced by the strain grown under optimal conditions was marked as 1. A statistical analysis was performed using GraphPad Prism 6 (GraphPad Software). Statistical analysis was carried out using multifactorial (one-way) ANOVA followed by Tukey's multiple comparisons test. An asterisk indicates significant differences (p < 0.05) between analyzed groups and the control group.
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Oxygen influence on the quantitative composition of OMVs. Oxidative stress resulted in an elevation of the level of three proteins and a decrease of the level of one within Campylobacter OMVs (Table II) . MOMP and flagellar proteins were again among overrepresented, perhaps embodying a general response to the environmental stress. The third upregulated protein was the periplasmic iron-binding protein (Cjj81176_0211). While the iron uptake should be tightly controlled to avoid the iron-associated oxidative-stress-mediated damage to the cell, the changes in the Cjj81176_0211 expression were subtle and more studies are needed to unequivocally claim their impact (Holmes et al. 2005) .
Genetic factors and the quantitative composition of OMVs. The mechanism of OMVs biogenesis remains unclear, but many studies suggest that the vesiculation has a genetic basis. Recently nearly 150 genes were implicated in the E. coli OMVs production, leading to the conclusion that the surface-exposed oligosaccharides negatively affect the vesiculation and an intact oxidative stress response is required for the wild type vesiculation (Kulp et al. 2015) . Roier et al. (2016) have recently shown the role of the vacJ/yrb genes in the OMVs biogenesis. They found that mutations within these genes that make up ABC (ATP-binding cassette) transport system increase the OMVs production in Haemophilus influenzae and Vibrio cholerae. The disruption of both or one of these genes entails phospholipid accumulation in the outer leaflet of OM which initiates an outward bulging of OM. Further accumulation supports the budding of the OM, which leads to the formation and release of OMVs (Roier et al. 2016) .
One of the first identified over-vesiculating mutants was the E. coli degP mutant. The degP homolog of C. jejuni, htrA, is vital for heat tolerance, bacterial invasion, and transmigration . It encodes a protein with proteolytic and chaperone activity, known to participate in periplasmic protein quality control in stress response (Boehm et al. 2018 ) (see also 'Introduction'). Unexpectedly, HtrA was underrepresented in OMVs from Campylobacter upon the polymyxin B stress (Table II) . It thus seems that HtrA is not involved in the envelope stress response, warranting further investigations. Moreover, the htrA mutation neither significantly increased the OMVs production ( Fig. 1) nor altered the OMV composition (Table II) (Altindis et al. 2014) . However, most of these proteins were involved in biofilm formation, a phenomenon not observed in the present study due to the culture conditions. Interestingly, C. jejuni and Helicobacter pylori have recently been shown to actively secrete HtrA to cleave host cell junctional proteins such as E-cadherin (Hoy et al. 2010; Boehm et al. 2018 ). Others and we (Elmi et al. 2012) identified HtrA protein inside OMVs and the 11168H htrA mutant exhibited reduced proteolytic activity of OMVs (Elmi et al. 2018) . In light of the current study, the latter may be largely due to the lack of HtrA protein itself.
The second gene we analyzed was dsbI, a rare variant of the DsbB paralog identified by our group (Raczko et al. 2005 ) and absent in E. coli. It belongs to C. jejuni Dsb (disulfide bond) system, which catalyzes the formation of disulfide bridges in extracytoplasmic proteins, stabilizing their tertiary and quaternary structures. Disturbances of Dsb cause protein misfolding and formation of insoluble aggregates accumulating in the periplasm. Under such circumstances, cells may increase the formation of vesicles as a protective mechanism. We observed that DsbI activity in C. jejuni manifests only if DsbB is inactivated, but still none of the DsbI substrates or redox partners are known. We hypothesized that DsbI is more specific than DsbB and acts only on a subset of DsbB substrates (Raczko et al. 2005) . So, we were looking for substrates, which are affected by DsbI itself. We showed that mutation of dsbI (as well as htrA) of C. jejuni does not alter the amount of OMVs produced (Fig. 1 ), but our study revealed eight proteins, whose content in OMVs is significantly altered by dsbI mutation (Table II) . Most of them possess one or more cysteine residues and may be able to form intra-or intermolecular bridges. Particularly noteworthy is the increase in the level of flagellar proteins (FlgC, FlgE and FlgL), observed also in response to the environmental stress. Our previous data revealed that double ΔdsbIΔdsbB mutant was completely nonmotile, whereas motility of a ΔdsbI mutant was comparable to the wild strain (Raczko et al. 2005) .
Further two alterations comprised decreased content of 60 kDa GroL chaperonin and enolase, two of 12 most immunoreactive proteins possibly involved in the development of Guillain-Barré syndrome (GBS) (Loshaj-Shala et al. 2018) . GroL and enolase reside in the cytoplasm, therefore OMVs may provide for their export. Further, we saw an overrepresentation of coproporphyrinogen-III oxidase, which catalyzes the conversion of coproporphyrinogen-III to protoporphyrinogen-IX during the heme biosynthesis. These three changes remain completely unclear.
Further studies are required to fully explain the production and function of OMVs and to provide us with new methods to control bacterial growth and host invasion.
Summarizing, we characterized how the proteome of secreted OMVs changed when the C. jejuni 81-176 strain was exposed to stress induced by the antibiotic polymyxin B or by increased oxygen levels. Our study is one of the few presenting such a comprehensive approach to the problem. Other studies in this field focused on particular genes and proteins, showing the interdependence of their levels, the total OMVs production and stress conditions. Thanks to our complete methodology, we identified all proteins, whose level in OMVs is altered by the conditions applied.
Several of the proteins identified, mostly upregulated ones, were components of the flagella apparatus. Presence of flagella protein in OMVs is not extraordinary. Manabe et al. (2013) reported that both the synthesis of flagella proteins and the ability to form flagella affects the production of OMVs by E. coli W3110.
In the study similar and somewhat complementary to ours, Chan et al. analyzed the OMV proteome of two clinical extraintestinal pathogenic E. coli (ExPEC) isolates under the stress conditions of the limited iron availability and the presence of the antibiotic gentamicin. Low iron environment resulted in major changes in the OMV proteome, including the upregulation of several stress response proteins (Hsp100/Clp proteins, ClpX and ClpA, the AAA+ protease, ClpP, which they interact with, and also ClpB) (Chan et al. 2017) .
At present, we can propose neither causes nor consequences of up-or downregulation of certain proteins (coproporphyrinogen-III oxidase (hemN Cj0992c) or unknown putative lipoprotein), indicating that further research in this field is needed.
Further investigation of the regulation of C. jejuni OMVs' composition combined with their role in virulence will allow us to better understand the pathomechanisms of the infection. 
ORCID
Renata
